Background: Long non-coding (lnc) RNAs plays an important role in chronic myeloid leukemia (CML). In this study, we aimed to uncover the mechanism of the lncRNA maternally expressed 3 (MEG3) and its target microRNA-147 (miR-147) in CML. Methods: Sixty CML patients and 10 healthy donors were included in the study. The methylation of MEG3 and miR-147 promoter was determined by methylation-specific PCR. The relationship of MEG3 and miR-147 was explored by luciferase assay. The interactions of proteins were studied by RNA pull-down assay, RNA immunoprecipitation and co-immunoprecipitation. Findings: Patients in accelerated phase CML (CML-AP) and blast phase CML (CML-BP) showed lower expressions of MEG3 and miR-147 and higher expressions of DNMT1, DNMT3B, MBD2, MECP2 and HDAC1 compared to the controls. These patients also showed a higher degree of methylation of MEG3 and miR-147 while there was a reduction after chidamide treatment. Furthermore, the overexpression of MEG3 and miR-147 inhibited cell proliferation both in vivo and in vitro, promoted apoptosis and decreased the expressions of DNMT1, DNMT3A, DNMT3B, MBD2, HDAC1 and MECP2. We also found MEG3 interacted with DNMT1, JAK2, STAT3, HDAC1, and TYK2, and JAK2 was bound to STAT3, STAT5 and MYC. More interestingly, JAK2 was bound to TYK2 by the bridge of MEG3. Interpretation: LncRNA MEG3 and its target miR-147 may serve as a novel therapeutic target for CML blast crisis, and chidamide might have a potential clinical application in treating CML blast crisis.
Introduction
Chronic myeloid leukemia (CML) is a bone marrow clone malignancy characterized by the formation of the breakpoint cluster region (BCR) and Abelson murine leukemia (ABL) fusion gene that encodes BCRABLp210 [1, 2] . The pathology of CML comprises three phases, namely chronic phase (CML-CP), accelerated phase (CML-AP), and blast phase (CML-BP). The CML-AP and CML-BP are the hallmarks of advanced CML [3] . In clinic, tyrosine kinase inhibitors (TKIs) were primarily chosen for CML treatment, which improves the overall survival and the five-year progression-free survival of CML patients [4] . However, some patients showed resistance to or cannot tolerate TKI administration [5] . Therefore, it is urgent to explore novel therapeutic targets or potential medication.
Development of CML is a complex process, many molecules play important roles, including long non-coding RNA (lncRNA) [6] . For example, a study showed that lncRNA maternally expressed 3 (MEG3) can inhibit cell proliferation of CML [7] . Specifically, MEG3 can inhibit cancer cell proliferation by binding to the PRC2 complex, and low levels of MEG3 were associated with a poor prognosis of cancer patients [8] . Moreover, the function of MEG3 was also reported in many cancer cells lines [9, 10] . Therefore, MEG3 may be an important molecule in the progression of diseases including CML. Therefore, in the study, we explored the regulation mechanism of MEG3 on CML progression.
Besides lncRNAs, microRNAs (miRNAs) can also regulate the progression of diseases [11] [12] [13] [14] .
In addition to molecules, many genetic and molecular biological events were involved in the development of diseases including epigenetic regulation [15] . Epigenetics are the study of heritable changes in gene expression, without any alteration of the DNA sequence [16] . The abnormal methylation of promoter regions plays an important role in tumorigenesis, including human choriocarcinoma and squamous cell lung cancer [17, 18] . Furthermore, the study of lncRNA-associated methylation has gained increased attention [19, 20] .
In the cells where methylation regulation occurs, the expressions of methylation related genes were significantly changed, such as DNMT1, DNMT3A, DNMT3B, MBD2, HDAC1, and MECP2. Histone deacetylases (HDACs) also involved epigenetic regulation. HDAC expression was increased in the majority of tumor cells and induces tumorigenesis. HDAC inhibitors (HDACis) are a novel family of drugs that achieved positive results in the treatment of hematological malignancies [21] [22] [23] and certain solid tumors [24] . HDACis interfere with the function of HDACs and reverse the effect of their overexpression [25, 26] . Chidamide is a novel HDACi that is approved to treat cutaneous T-cell lymphoma [26] . However, whether chidamide influences the epigenetic regulation of MEG3 and miR-147 in KCL22 and K562 cells remains largely unknown.
Therefore, we aimed to detect the epigenetic regulation of MEG3 and regulation mechanism to further uncover the pathology of CML blast crisis, and the potential treatment effect of chidamide on CML blast crisis in the study.
Materials and Methods

Collection of Bone Marrow Samples
The bone marrow samples of 60 CML patients and 10 healthy donors were collected at Department of Hematology of the Second Hospital of Hebei Medical University between May 2016 and June 2017 ( Table 1 ). The bone marrow samples from 10 healthy donors were used as controls. In addition, we collected 3 CML-AP patients and 3 CML-BP patients to study the role of chidamide for treatment of CML. Peripheral blood mononuclear cells were isolated by lymphocyte separation. The inclusion criteria of patients were as follows: (i) diagnosis of CML via bone marrow morphology, immunology, molecular biology, and cytogenetic analyses; (ii) clear pathological staging; and (iii) availability of intact clinical data. The exclusion criteria were as follows: (i) significant organ dysfunction; (ii) pregnancy; and (iii) failure to provide informed consent. No chemotherapy was administered before the collection of the specimens. The study was approved by the Ethics Committee of the Department of Hematology of the Second Hospital of Hebei Medical University, and each patient signed an informed consent. 
Research in Context
Evidence before this Study
Chronic myeloid leukemia (CML) is a bone marrow clone malignancy. In clinic, tyrosine kinase inhibitors (TKIs) were primarily chosen for CML treatment, while some patients showed resistance to or cannot tolerate TKI administration. Therefore, it is urgent to explore novel therapeutic targets or potential medication. Development of CML is a complex process, many molecules play important roles, including long non-coding RNA (lncRNA) and microRNA (miRNA). It has been shown that lncRNA maternally expressed 3 (MEG3) can inhibit cancer cell proliferation and is associated with poor prognosis of cancer patients. MEG3 can inhibit cell proliferation in CML. MEG3 may be an important molecule in the progression of diseases including CML, while the regulation mechanism was not clear. MiR147, which is downregulated in colon cancer, suggesting that miR147 can act as tumor suppressor. The role of miR-147 in CML was unknown. In the study, we aimed to explore the role and regulation mechanism of MEG3 and miR1-47 in CML development to explore the novel therapeutic targets.Added Value of this Study MEG3 may be an important molecule in the progression of CML. In the study, we explored the regulation mechanism of MEG3 on CML progression. Chidamide is a novel histone deacetylase inhibitor to treat cutaneous T-cell lymphoma. In this study, we detected the epigenetic regulation of MEG3 and regulation mechanism to further uncover the pathology of CML blast crisis, and the potential treatment effect of chidamide on CML blast crisis.Implications of all the Available Evidence
We found in our study that lncRNA MEG3 and its target miR-147 may serve as a novel therapeutic target for CML blast crisis, and chidamide might also have a potential clinical application in treating CML blast crisis.
Cell Culture and Drug Treatment
The KCL22 and K562 cells were maintained in our laboratory. The KCL22 cells were cultured in Iscove's modified Dulbecco's medium (IMDM; Gibco, Beijing, China) containing 10% fetal bovine serum (FBS, Clark Bio, Claymont, DE, USA), 100 units/ml penicillin, and 100 μg/ml streptomycin. The K562 cells were maintained in RPMI 1640 medium (Gibco, Beijing, China) supplemented with 10% FBS and penicillin/streptomycin. Chidamide was purchased from MedChemExpress (Monmouth Junction, NJ, USA). The KCL22 and K562 cells or the patientderived cells were seeded into 6-well plates (5 × 105/well) and were treated with different concentrations of chidamide based on its EC50.
Construction of the Lentiviral Vector
The full-length cDNA sequence of MEG3 was synthesized by Invitrogen. The cDNA was cloned into the pLVX-hMEG3-Puro lentiviral overexpression vector (Life Invitrogen, Carlsbad, CA, USA). MiR-147 mimics and miR-147 control were also synthesized by Invitrogen (Carlsbad, CA, USA).
Cell Transfection
The KCL22 and K562 cells were seeded into 6-well plates (5 × 10 5 / well) and were transfected with LV-MEG3 or LV-control or miR-147 controls or miR-147 mimics using lipo3000 (Life Invitrogen, Carlsbad, CA). Purinamycin was used to screen the positive cells. MEG3 targeting locked nucleic acid-antisense oligonucleotide (LNA-ASO) and negative control LNA-ASO were designed and synthesized by Saibaisheng Bioengineering Co, Ltd. (Beijing, China). The KCL22 cells were transfected with the LNA-ASO at a concentration of 80 nM, using the Oligofectamine transfection reagent (Life Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. The cells were harvested for analysis at 36 h after the transfection. The ASO sequences are listed in Table 2 .
Cell Proliferation Assay
The KCL22 and K562 cells were seeded into 96-well plates (1 × 10 4 cells/well) and were both either transfected with LV-MEG3 or LVcontrol, or transfected with the miR-147 mimics or miR-147 controls. A total of 10 μl of 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA, USA) was added to each well, and the 96-well plates were incubated at 37°C in a humidified 5% CO2 atmosphere for 4 h. The absorbance was then read at 490 nm in a microplate reader (Thermo Fisher USA). The patient-derived cells were also assayed for proliferation using MTT after treatment with chidamide, as described above.
Apoptosis Assay
The KCL22 and K562 cells were seeded into 6-well plates (5 × 10 5 / well) and were both either transfected with LV-MEG3 or LV-control, or transfected with the miR-147 mimics or miR-147 control. Apoptosis was determined using an AnnexinV-FITC and PI kit (BD Biosciences, Franklin Lakes, NJ, USA) and was analyzed using a BD FACSCanto II system (BDBiosciences). The patient-derived cells were also assayed using the apoptosis kit after treatment with chidamide, as described above.
Real-Time Polymerase Chain Reaction (RT-PCR)
The total RNA was isolated using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) and was reverse-transcribed to cDNA using RevertAid First Strand cDNA Synthesis Kit according to the manufacturer's instructions (Thermo Fisher, USA). The reverse transcription reactions were conducted under the following conditions: 42°C for 60 min; 25°C for 5 min; and 70°C for 5 min. The qPCR mixtures had a final volume of 20 μl and contained 1 μl of template cDNA, 0.5 μl of each sense and antisense primer, 10 μl of SYBR Green Mix (Invitrogen), and 8 μl of diethyl pyrocarbonate (DEPC)-treated water. The concentrations of primers for DNMT1, DNMT3A, DNMT3B, MBD2, MeCP2, and HDAC1 were 0.25 μM. The RT-qPCR conditions were as follows: denaturation at 95°C for 5 min followed by 45 cycles of 95°C for 15 s; 60°C for 35 s; and 72°C for 20 s in an ABI 7500 Real-Time Rotary Analyzer (Applied Biosystems, Thermo Fisher Scientific, Shanghai, China). The 2 −ΔΔCT method was used to calculate the relative gene expression. Each reaction was repeated for at least three times, independently. The primers were synthesized by Invitrogen and are shown in Table 3 .
Detection of miR-147 Levels
The RNA in bone marrow mononuclear cells (BMMCs), KCL22 and K562 cell lines was extracted with Trizol (Invitrogen; Thermo Fisher Scientific, Inc., USA) and afterwards purified with the RNeasy Maxi kit (Qiagen, Germany) according to the provided instructions. Reverse transcription reactions and RT-qPCR were performed using miScript Reverse Transcription kit (Qiagen, Germany) and miScript SYBR® Green PCR kit (Qiagen, Germany). The mixtures for PCR to detect the level of miR-147 were as follows: 2 × All-in-OneTM qPCR Mix 10 μl, MiR-147 Primer 2 μl, Universal Adaptor PCR Primer 2 μl, cDNA 2 μl, and DEPCtreated water 4 μl. The concentration of primer was 0.2 μM. The programs for PCR were as follows: 95°C for 1 min, and then 40 cycles of 95°C for 10 s, 55°C for 30 s and 70°C for 30 s. After normalization to U6, the relative expression level of mature miR-147 was calculated with 2 −ΔΔCT method. 
Methylation-Specific PCR
Genomic DNA was extracted, and the specific steps were performed according to the manufacturer's instructions (Shanghai Generay Biotech Co. Ltd., Shanghai, China). The DNA concentration was detected, and the sulfite conversion of DNA was performed according to the instructions of the EZ DNA methylation-Gold kit (Zymo USA Inc., Fleming Island, FL, USA). For all the reactions, the reaction mix contained bisulfitemodified DNA (2 μl), Zymo Taq PerMix (12.5 μl), water (8.5 μl), upstream primer (1 μl), and downstream primer (1 μl). The PCR conditions were as follows: 95°C for 10 min followed by 35 cycles of 30 s at 95°C; 45 s at 54°C for annealing; 45 s at 72°C; and a final extension step of 7 min at 72°C. The PCR products separated by 2% agarose gel (GoldView; Saibaisheng Bioengineering Co., Ltd., Beijing, China) electrophoresis as follows: MEG3 and miR-147 methylated (M) and MEG3 and miR-147 unmethylated (U) positive and negative methylation; MEG3 and miR-147 M and MEG3 and miR-147 U partial methylation; and MEG3 and miR-147 M and MEG3 and miR-147 U positive and negative unmethylated. The primers were synthesized by Saibaisheng Bioengineering Co, Ltd. and are shown in Table 4 .
Western Blotting
The cells were lysed using radio immune precipitation assay (RIPA) buffer, and the total protein was isolated. The protein concentration was determined using a Bio-Rad DC protein assay kit II (Bio-Rad, Hercules, CA, USA). The proteins were separated by 8-15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the bands were electro-transferred to a polyvinylidene fluoride (PVDF) membrane (Amersham Pharmacia, Piscataway, NJ, USA). The PVDF membrane was blocked with 5% non-fat skimmed milk and was probed with antibodies against DNMT1 (Mouse monoclonal antibody [60B1220 . Subsequently, the membrane was incubated with the appropriate dilutions of the corresponding secondary antibodies at 37°C for 1 h, rinsed three times with TBS for 5 min, and analyzed by chemiluminescence. The quantification of the immunocomplexes was performed using the Imagequant 5.1 software (Amersham-Pharmacia's Biotech, Shanghai, China). β-actin was used as the loading control.
Luciferase Assay
To assay the interaction between MEG3 and miR-147, wide type 3′-UTR region of MEG3 and the mutant 3′-UTR of MEG3 were cloned into the firefly luciferase gene reporter vector pmiRGLO (Promega, Madison, WI, USA). The plasmid was synthesized by Invitrogen. The pmirGLO-MEG3 or pmirGLO-MEG3-MUT was co-transfected with miR-147 mimics or miRNA control (RiboBio, Guangzhou, China) into the 293 cells. The luciferase assays were performed using the dual-luciferase reporter assay system kit (Promega) according to the manufacturer's instructions. The luciferase expression was analyzed by Modulus singletube multimode reader (Promega). The relative luciferase expression equaled the expression of the Renilla luciferase divided by the expression of the firefly luciferase. All the assays were repeated for at least 3 times.
RNA Pull-Down Assay
The MEG3 binding proteins were determined using a Pierce Magnetic RNA-Protein Pull-Down Kit (Thermo Fisher Scientific Waltham, MA, USA) according to the manufacturer's protocol. The MEG3 sense and MEG3 antisense lncRNAs were generated and incubated with the proteins from the KCL22 cells, and 100 ml of a silver staining solution were added to the MEG3 sense and MEG3 antisense lncRNA and protein mixture. The proteins were then collected for the mass spectrometry analysis.
RNA Immunoprecipitation
RNA immunoprecipitation was performed using the Magna RIP kit (EMD Millipore Co., Billerica, MA, USA). The complete KCL22 cell lysates were prepared in accordance with the manufacturer's instructions and contained phosphatase and proteinase inhibitors. Next, we evaluated the connection and configuration of the antibody beads. The antibody beads were suspended and mixed with the sample after thawing and were then incubated at 4°C overnight. The immunoprecipitation was completed after the suspension was placed on the magnetic frame and was washed with buffer for at least 6 times. Finally, the immune coprecipitation products were collected, and the RNA was extracted and purified to determine the abundance of the target RNA.
Co-Immunoprecipitation
The protein was obtained from the cells using RIPA cell lysis buffer (Invitrogen) followed by quantification, using the bicinchoninic acid assay. The interacting proteins were precipitated using a JAK2 antibody (Abcam, USA), and SDS-PAGE was performed. The target protein was pulled down according to the electrophoresis bands. The protein in the gel had a reductive alkylation reaction, and the protein was digested in the gel. The samples were analyzed by Liquid Chromatography Coupled with Tandem Mass Spectrometry (LC MS/MS).
Mass Spectrometry
The gel was cut into small pieces of 1 mm × 1 mm square. The small gels were digested using in-gel trypsin in EP tubes for 15 h at 37°C after the gels were washed and bleached. After the digestion reaction, 400 μl of peptide extract (50% ACN, 0.1% TFA) was added to the EP tubes immediately for 30 min at 37°C. Then the product was transferred to a new EP tube and performed peptide extraction. After the reaction, the samples were lyophilized in a freeze-dryer. The freeze-dried sample was dissolved in 20 μl of formic acid solution (0.1%), and centrifuged at 20,000 g for 30 min. To perform the MS analysis, 10 μl of supernatant was added to the sample bottle. The MS analysis was performed on a Q Exactive (Thermo Fisher Scientific, San Jose, CA, USA). The liquid phase was UPLC water, with a C18 column that was 3 μm and 250 mm × 75 μm (Eksigent). The settings were as follows: 1.0 h chromatographic gradient; 3.0 μl/min chromatographic flow rate; and 10 Strongest Ions in the MS Spectrum for MS/MS Analysis. The protein database was UNIPROT_ human, with a total of 20,214 protein sequences, and it was searched to identify the protein identities from the immunoprecipitation.
Xenograft Animal Experiments
Athymic male mice were purchased from the Animal Center of the Chinese Academy of Science (Shanghai, China) and were maintained in laminar flow cabinets under specific pathogen-free conditions. This study was approved by the Ethics Committee of the Department of Hematology of the Second Hospital of Hebei Medical University. The KCL22 cells were stably transfected with LV-MEG3 or empty vectors and were harvested from the cell culture plates. These cells were xenografted into BALB/c male nude mice. The tumor volumes and weights were measured every 5 days in the mice. The tumor volumes were measured as length × width 2 × 0.5. At 35 days after the injection, the mice were sacrificed, and the tumor weights were measured and used for further analysis.
Statistical Analysis
The data are expressed as mean ± standard deviation (SD) and were analyzed using the SPSS 19.0 software (IBM Corp, Armonk, NY, USA). Significant differences between the groups were analyzed using a Student's t-test or a one-way ANOVA for more than two subgroups. A chi-squared test was applied to compare the rates, and P < 0.05 was considered a statistically significant difference.
Results
MEG3 Expression and Promoter Methylation in Patients with Different Phases of CML
The expression levels of MEG3 were lower in the patients of different phases of CML than that in the healthy donors (P < 0.05, one-way ANOVA) (Fig. 1A) . The expression levels of MEG3 in CML-AP patients and CML-BP patients were similar (P N 0.05, one-way ANOVA), but were lower than that in CML-CP patients and healthy donors. The MEG3 promoter was not methylated in the healthy donors, but showed methylation in 6 CML-CP patients (20%) (N = 30). On the other hand, all CML-AP samples showed methylation of MEG3 promoter, and methylation can be detected in 100% of the CML-BP samples (Fig. 1B) .
MEG3 Promoter Methylation after Chidamide Treatment in KCL22 and K562 Cells
Next, we assessed the MEG3 promoter methylation in KCL22 (a) and K562 (b) cells before and after chidamide treatment. The MEG3 promoter was methylated in the non-treated group, but was not in the treated group (Fig. 1C). 
The Methyltransferase and HDAC1 mRNA and Protein Expression in Patients with Different Phases of CML
Then, we examined the mRNA expression of the DNA methyltransferases and HDAC1 in the CML samples by RT-qPCR. The mRNA expressions of DNA (cytosine-5)-methyltransferase (DNMT) 1, DNMT3B, MBD2, MECP2 (two methyl-CpG-binding proteins), and HDAC1 were higher in the CML-BP patients than in the healthy donors (P < 0.05, one-way ANOVA). The mRNA expression of DNMT3A, among any of the CML phases and healthy samples, was not statistically different (P N 0.05, one-way ANOVA). The mRNA expressions of DNMT1, DNMT3B, MBD2, MECP2, and HDAC1 were the highest in the CML-BP samples (Fig. 1D) .
The protein expressions of DNMT1, DNMT3A, MBD2, DNMT3B, MECP2, and HDAC1 were semi-quantitatively determined in the bone marrow samples of CML-CP, CML-AP, CML-BP patients and healthy donors. Consistent with the RT-PCR results, the protein levels of DNMT1, DNMT3A, MBD2, DNMT3B, MECP2, and HDAC1 were higher in the CML-AP and CML-BP patients than that in the CML-CP patients and healthy donors (P < 0.05, one-way ANOVA). The DNMT3A (b) level was not significantly different in the samples from the CML patients or the healthy donors (P N 0.05, one-way ANOVA), and the highest expression of DNMT1 (a), DNMT3B (c), MBD2 (d), MECP2 (e), and HDAC1 (f) was found in the CML-BP patients ( Fig. 1E and F) .
Changes in mRNA and Protein Levels in CML Blast Cells after Chidamide Treatment
To determine the effect of HDACi on epigenetic regulation, the KCL22 and K562 cells were treated with three different concentrations of chidamide (10, 15 , and 20 μmol/l). The mRNA expressions of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 were decreased with the increase of concentration. The mRNA expression of MEG3 was significantly higher in the treatment of 20 μmol/l chidamide than that in the treatment of 10 μmol/l and 15 μmol/l chidamide in KCL22 cells (P < 0.05, one-way ANOVA), and was significantly higher in the treatment of 20 μmol/l chidamide and 15 μmol/l chidamide than that in the treatment of 10 μmol/l chidamide in K652 cells (P < 0.05, one-way ANOVA) ( Fig. 2A and B) .
Next, we treated the cells with the highest concentration of chidamide (20 μmol/l) and found that, by a semi-quantitative analysis, the protein expressions of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 were lower in the treated group than that in the nontreated group in both KCL22 and K652 cells (P < 0.05, Student's t-test) (Fig. 2C-F) .
To assess the effect of chidamide on CML treatment, we treated the CD34+ cells which were isolated from the peripheral blood mononuclear cells of 3 CML-AP patients and 3 CML-BP patients. The expressions of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, HDAC1, MEG3 and miR-147, as well as cell viability and cell apoptosis were determined. We found that treatment with chidamide (all three concentrations) decreased the mRNA and protein levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 in CML-AP and CML-BP patients, while the expression levels of MEG3 and miR-147 were increased (Supplementary Fig. 1A-D) . The treatment of chidamide also decreased cell viability in 3 CML-AP and 3 CML-BP patients ( Supplementary Fig. 1E, F) and accelerated cell apoptosis ( Supplementary Fig. 1G and H) . These results Fig. 1 . Expression levels of MEG3 and methylation related genes in different stages of CML and in healthy donors and the methylation status of MEG3 in different stages of CML and in healthy donors. A. The MEG3 mRNA level was lower in the CML-AP and CML-BP patients than that in the CML-CP patients and the healthy donors. B. The methylation of the MEG3 promoter was not detected in the normal controls. Methylation can be detected in 20% of the CML-CP samples. All CML-AP samples showed methylation of the MEG3 DNA promoter, and methylation can be detected in 100% of the CML-BP samples. C. After treatment with chidamide, the MEG3 was unmethylated in both K562 (a) and KCL22 (b) cells. D. The mRNA expressions of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 in NC, CML-CP, CML-AP, and CML-BP groups were determined by RT-PCR. E. The protein levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 in NC (n = 10), CML-CP (n = 30), CML-AP (n = 15), and CML-BP (n = 15) groups were determined. The protein expression levels were determined by immunoblotting with ACTB as a control. F. Protein expression of DNMT1 (a), DNMT3A (b), DNMT3B (c), MBD2 (d), MECP2 (e), HDAC1 (f) in the bone marrow cells from CML patients and normal controls. The one-way ANOVA was used for data analysis. *: P < 0.05 compared to NC group. **: P < 0.01 compared to NC group. #: P < 0.05 compared to CML-CP group. M, methylated; U, unmethylated.
indicated that chidamide might be potentially used for treating CML blast crisis.
Effect of MEG3 Overexpression on CML Blast Cells In Vivo and In Vitro
To determine the role of MEG3 in CML blast crisis, we first determined the mRNA levels of MEG3 in the BMMCs of healthy donors and in the K562 and KCL22 cells, and the results indicated that the mRNA level of MEG3 was lower in the KCL22 and K562 cells than in the BMMCs (a) (P < 0.05, one-way ANOVA) (Supplementary Fig. 2A ). An overexpression vector for MEG3 was synthesized and was then transfected into the KCL22 (b) and K562 (c) cells, and MEG3 expression in the overexpression group was 7.3-fold and 6.4-fold higher than that in the empty vector group (P < 0.05, Student's t-test) (Supplementary The mRNA levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 after the KCL22 and K562 cells were treated by 10, 15, and 20 μmol/l chidamide were detected by RT-PCR. C. Chidamide treatment decreased the protein levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 in KCL22 cells. D. Western blot was used to detect the protein levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 in KCL22 cells. E. Chidamide treatment decreased the protein levels of these six proteins in K562 cells. F. Western blot was used to detect the protein levels of these six proteins in K562 cells. For Western blot, ACTB was used as a control. For Fig. 2A and B, the one-way ANOVA was used for data analysis. *: P < 0.05 compared to 10 μmol/l group. **: P < 0.01 compared to 10 μmol/l group. #: P < 0.05 compared to 15 μmol/l group. For Fig. 2C and E, the Student's t-test was used for data analysis. **: P < 0.01 compared to control group. Overexpression of MEG3 inhibited K562 proliferation (a) and accelerated cell apoptosis (b and c). C. In the KCL22 cells, the mRNA (a) and protein (b and c) levels of the DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 were decreased in the MEG3 overexpression group. D. In the K562 cells, the mRNA (a) and protein (b) levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 decreased in the MEG3 overexpression group. E, F and G. Overexpression of MEG3 inhibited tumor growth. Student's t-test was used for data analysis. The comparison of cell apoptosis rate between LV-control group and LV-MEG3 group were analyzed using chi-squared test. *: P < 0.05 compared to LV-control group. **: P < 0.01 compared to LV-control group. Fig. 2A ). Cell proliferation (a) and apoptosis (b and c) assay results indicated that the overexpression of MEG3 inhibited proliferation (P < 0.05, Student's t-test) and induced apoptosis (P < 0.05, chi-squared test) in the KCL22 and K562 cells (Fig. 3A and B) . To further detect whether MEG3 affected the proliferation of the KCL22 cells in vivo, the KCL22 cells were stably transfected with LV-MEG3 or a control vector and Fig. 4 . The relative luciferase activity was detected by a dual luciferase assay. A. The RNAup algorithm predicted the potential binding of miR-147 to MEG3, with a considerable sequence complementary in the indicated regions. B. The relative luciferase activity was not different between the miR-147 mimics group and the miR-147 control group. C. The relative luciferase activity was lower in the miR-147 mimic group compared to the miR-147 control group. D. In the KCL22 cells, MEG3 overexpression decreased the expression level of miR-147; E. In the K562 cells, MEG3 overexpression decreased the expression level of miR-147. F. The mRNA level of miR-147 was lower in CML-AP and CML-BP patients than that in the CML-CP patients and the healthy donors. G. The methylation of the miR-147 DNA promoter was not detected in the normal controls, and methylation can be detected in 37.5% of the CML-CP samples. All CML-AP samples showed methylation of the miR-147 promoter, and methylation can be detected in 100% of the CML-BP patients. H. After treatment with chidamide, the miR-147 was unmethylated in both the K562 (a) and KCL22 (b) cells. For 4B, C, D and E, Student's t-test was used for data analysis. *: P < 0.05 compared to NC group. **: P < 0.01 compared to NC group. For 4F, the one-way ANOVA was used for data analysis. *: P < 0.05 compared to NC group. **: P < 0.01 compared to NC group. #: P < 0.05 compared to CML-CP group. M, methylated; U, unmethylated. b and c) . B. The K562 cells were transfected with miR-147-control and miR-147 mimics. Compared with the control group, transfection with the miR-147 mimics inhibited proliferation (a). The apoptosis rate of the miR-147 mimics group (Q2 + Q4 = 51.98%) was higher than that of the control group (Q2 + Q4 = 10.02%) (b and c). C. In the KCL22 cells, the mRNA levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 decreased in the miR-147 mimics group (a); and the DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 protein levels decreased in the miR-147 mimics group (b and c). D. In the K562 cells, the mRNA levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 decreased in the miR-147 mimics group (a); and the DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 protein levels decreased in the miR-147 mimics group (b and c). Student's t-test was used for data analysis. The comparison of cell apoptosis rate between miR-147 control group and miR-147 mimic group was analyzed using chi-squared test. *: P < 0.05 compared to miR-147 control group. **: P < 0.01 compared to miR-147 control group.
were inoculated into nude mice. Thirty-five days after the injection, the tumors that formed in the control group were substantially larger than those in the LV-MEG3 group (P < 0.05, Student's t-test) (Fig. 3E, F) . Moreover, the tumor weight, at the end of the experiment, was markedly lower in the control vector group compared with the LV-MEG3 group (P < 0.05, Student's t-test) (Fig. 3G) . Next, we determined the effect of MEG3 overexpression on the expression of DNA-modifying genes, and found that the mRNA (a) and proteins (b and c) expressions of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDAC1 were significantly decreased (P < 0.05, Student's t-test) (Fig. 3C and D) .
Interaction of MEG3 with miR-147
LncRNAs and miRNAs usually act as a competing endogenous RNA (ceRNA). We searched the starBase2.0 database to identify the miRNAs that interact with MEG3. Results showed that miR-147 was the potential miRNA. A dual luciferase reporter assay was performed to verify the interaction between miR-147 and MEG3, and for this purpose, we generated luciferase reporter plasmids with wild-type or mutant MEG3 (Fig. 4A) . The transfection of 293 cells with miR-147 mimics had no effect on the luciferase reporter activity of the wild MEG3 (P N 0.05, Student's t-test) (Fig. 4B ), but significantly decreased the luciferase reporter activity of mutant-type MEG3 (P < 0.05, Student's t-test) (Fig. 4C) . Furthermore, MEG3 overexpression decreased the expression of miR-147 (P < 0.05, Student's t-test) (Fig. 4D, E) . In addition, we also detected the expression and methylation of miR-147 in healthy donors, CML-CP, CML-AP, and CML-BP patients. The results showed that the level of miR-147 was significantly lower in the samples of the different phases of CML than that in healthy donors (P < 0.05, one-way ANOVA) (Fig. 4F) . MiR-147 was not methylated in the healthy donors and showed methylation in 8 (37.5%) of CML-CP patients (N = 30) (Fig. 4G) . Next, we assessed miR-147 promoter methylation in K562 (a) cells KCL22 (b) before and after chidamide treatment. The promoter was methylated in the non-treated group, but was not in the treated group (Fig. 4H) .
MiR-147 Overexpression Inhibited Proliferation, Promoted Apoptosis, and Affected the Expression of Epigenetically-Associated Genes
To determine the biological role of miR-147 in CML blast crisis, we first assessed the miR-147 mRNA levels in the BMMCs from healthy donors as well as in K562 and KCL22 cells, and the results indicated that the miR-147 level was lower in KCL22 and K562 cells than that in the BMMCs (a) (P < 0.05, one-way ANOVA) (Supplementary Fig. 2B ). The miR-147 mimic and the miR-147 control were transfected into KCL22 and K562 cells. MiR-147 overexpression efficiently (16.3-fold in K562 cells (c) and 22.7-fold in KCL22 cells (b)) increased the expression of miR-147 compared to the negative control (P < 0.05, Student's t-test) (Supplementary Fig. 2B ). The proliferation and apoptosis assay results indicated that the overexpression of miR-147 inhibited proliferation (P < 0.05, Student's t-test) and induced apoptosis (P < 0.05, chisquared test) in KCL22 and K562 cells (Fig. 5A and B) . Additionally, PCR and Western blot assays were performed to determine whether miR-147 affected the expression of epigenetically-associated genes. DNMT1, DNMT3A, DNMT3B, MBD2, MECP2, and HDCA1 expressions were significantly decreased in the overexpression group compared with that in the control group (P < 0.05, Student's t-test) (Fig. 5C and  D) . In addition, the protein level of bcl-2 was decreased in the overexpression group compared to that in the control group in KCL22 (a) and K562 cells (b) (Supplementary Fig. 2C ).
MEG3 Interacting Proteins in Chronic Myeloid Leukemia Blast Cells
RNA pulldown assays, mass spectrometry (MS) analysis, and RNA immunoprecipitation were performed to detect the MEG3 binding proteins in KCL22 cells. The MS analysis identified 2865 proteins in the sense group and 1852 proteins in the antisense group. Of the 586 proteins that were only found in the sense group, Janus kinase 2 (JAK2), signal transducer and activator of transcription 3 (STAT3), DNMT1, and tyrosine kinase 2 (TYK2) were associated with CML occurrence and development and were confirmed to interact with MEG3 by RNA immunoprecipitation (P < 0.05, Student's t-test) (Fig. 6A and B) .
Co-Immunoprecipitation MS and Co-Immunoprecipitation WB
Of the 543 proteins identified in the experimental group and the 306 proteins identified the in the control group, 216 proteins were only found in the experimental group and interacted with JAK2. Of these proteins, STAT3, STAT5, and MYC are known to be associated with the proliferation and apoptosis of cancer cells, and the Co-IP WB results showed that JAK2 interacted with TYK2 through MEG3 (Fig. 6C and D) .
MEG3 Overexpression Substantially Reduced the Phosphorylation of JAK2 and STATs
To determine the effect of MEG3 on JAK2/STAT3 signaling, we overexpressed MEG3 and then performed qPCR and WB. In the KCL22 and K562 cells, the expression of MEG3 was both lowered in the MEG3-ASO group (P < 0.01, Student's t-test) ( Fig. 6E and F) . However, the overexpression of MEG3 decreased the mRNA expression (a) and proteins (b and c) phosphorylation of JAK2, STAT3, and STAT5 (P < 0.05, Student's t-test) ( Fig. 6G and H) .
STAT3 Regulated the Expression of MEG3
To explore the relationship between STAT3 and MEG3, we first treated K562 and KCL22 cells with cryptotanshione and niclosamide and found a decreased expression of pSTAT3 ( Fig. 7A and C) . Then, we detected the expression of MEG3 and found that treatment with cryptotanshione and niclosamide significantly increased MEG3 mRNA expression in both cell types ( Fig. 7B and D) . In addition, we used a siRNA targeting STAT3 and confirmed that STAT3 protein levels were reduced in both K562 and KCL22 cells (Fig. 7E and G) . Furthermore, the knockdown of STAT3 increased the mRNA expression of MEG3 in both cell lines (Fig. 7F and H) . These data revealed an inverse relationship between STAT3 and MEG3.
Discussion
CML is a hematopoietic stem cell clonal disorder characterized by a Philadelphia chromosome translocation, resulting in the generation of the Bcr-Abl oncogene encoding a constitutive kinase activity, which induces malignancy in white blood cells [3] . It accounts for approximately 15-20% of newly diagnosed leukemia in adults. Although TKIs, such as imatinib, have made a remarkable success in controlling CML, a significant proportion of CML patients still developed drug resistance to TKIs [4] . Therefore, it is crucial to comprehensively understand the underlying molecular mechanisms about the initiation and progression of CML and find novel therapeutic targets for the treatment of this disease. In this study, we investigated the important roles of a long noncoding RNA MEG3 and its target miR-147 in the regulation of the proliferation and apoptosis of cancer cells as well as the DNA methylation and the expression of histone deacetylation-related genes during the development of CML.
Accumulating evidence has suggested that lncRNAs play diverse roles in human tumorigenesis. Depending on the expression of these lncRNAs in specific tumors, they can function as suppressors or promoters. MEG3 is one of the most important lncRNAs, which has been demonstrated to be involved in multiple biological processes of normal human cells, such as gonadotrophs [27] . Recently, its low expression has been observed in many human cancers, such as bladder, bone marrow, breast, and liver cancers [28] . Consistent with these findings, we also Fig. 6 . RIP-PCR was performed to test if DNMT1, JAK2, TYK2, STAT3 and HDAC1 were bound to MEG3. A. In the K562 cells, the fold enrichment of lncRNA MEG3 was higher in the DNMT1, JAK2, TYK2, STAT3, and HDAC1 groups than that in the IgG group (**: P < 0.01 compared to the IgG group). Student's t-test was used for data analysis. B. In the KCL22 cells, the fold enrichment of lncRNA MEG3 was higher in the DNMT1, JAK2, TYK2, STAT3, and HDAC1 groups than that in the IgG group (**: P < 0.01 compared to the IgG group). Student's t-test was used for data analysis. C and D. The pull-down assays showed that MEG3 retrieved JAK2 and TYK2 in the KCL22 cells. The retrieved proteins were detected by immunoblotting. In the KCL22 cells, JAK2 interacted with TYK2. The knockdown of MEG3, but not si-NC, abrogated this interaction. E. In the KCL22 cells, the expression of MEG3 was lower in the ASO-MEG3 group (**: P < 0.01 compared to the ASO-NC group). Student's t-test was used for data analysis. F. In the K562 cells, the expression of MEG3 was lower in the ASO-MEG3 group (**: P < 0.01 compared to the ASO-NC group). Student's t-test was used for data analysis. G. In the KCL22 cells, the overexpression of MEG3 inhibited the mRNA (a) and phosphorylated protein (b and c) levels of JAK2, STAT3, and STAT5 (**: P < 0.01 compared to LV-control group). Student's t-test was used for data analysis. H. In the K562 cells, the overexpression MEG3 decreased mRNA (a) and phosphorylated protein (b and c) levels of JAK2, STAT3, and STAT5 (**: P < 0.01 compared to LV-control group). Student's t-test was used for data analysis.
found that the expression level of MEG3 was significantly lower in the different phases of CML patients than that of healthy donors. Notably, our results showed that the MEG3 promoter was methylated in CML-BP patients, while that was not found in healthy donors. Consistently, the methylated MEG3 promoter was also not found in KCL22 and K562 cells after the treatment of chidamide. Thus, these results A. The KCL22 cells were treated with cryptotanshione and niclosamide (8 μmol/l and 1.5 μmol/l, respectively, for 48 h). A western blot was performed to assess pSTAT3 with ACTB as the loading control. B. MEG3 mRNA levels were assessed by real-time PCR after cryptotanshione and niclosamide treatment and were compared to the control group. C. The K562 cells were treated with cryptotanshione and niclosamide (6 μmol/l and 2 μmol/l, respectively, for 48 h). A western blot was performed to assess pSTAT3 with ACTB as the loading control. D. MEG3 RNA levels were assessed by real-time PCR after cryptotanshione and niclosamide treatment and were compared to the control group. E. STAT3 was knocked down in the KCL22 cells using siRNA and the level of STAT3 was assessed by a western blot with ACTB as the loading control. F. MEG3 expression was assessed by real-time PCR after STAT3 knockdown. G. STAT3 was knocked down in the K562 cells using siRNA and the level of STAT3 was assessed by a western blot with ACTB as the loading control. H. MEG3 expression was assessed by real-time PCR after STAT3 knockdown. For 7B and C, the one-way ANOVA was used for data analysis. For 7F and G, Student's t-test was used for data analysis. **: P < 0.01 compared to the control group. indicated that there might be a close relationship between the methylation status of MEG3 promoter and its expression level in the regulation of leukemia development, which needs to be investigated in future studies.
MicroRNAs (miRNAs) are a conserved family of small noncoding RNA molecules that post-transcriptionally regulate gene expression. MiR-147 is a recently identified cancer-related miRNA. However, studies have showed that miR-147 could be either oncogene or tumor suppressive gene in different types of human cancers. For example, MiR-147 was found to be up-regulated in human gastric and liver cancers, while was found to be down-regulated in human breast cancer [29] . Our findings showed that the expression level of miR-147 was significantly lower in the different phases of CML patients than that of healthy donors. Consistent with the result of MEG3, chidamide treatment also reversed the methylation status of MiR-147 promoter in KCL22 and K562 cells. Interestingly, the results of dual luciferase reporter assay showed that lncRNA MEG3 and miR-147 could regulate each other in a negative manner. One possible explanation of this is that there might be an unknown gene that is targeted by miR-147, and the effect of MEG3 and miR-147 on cell apoptosis might be mediated by this gene [30] . For example, Han et al., found that MEG3 aggravated hypoxia injury in PC12 cells by down-regulating miR-147, and miR-147 further negatively regulated Sox2 expression [31] . It should be noted that our coimmunoprecipitation results showed that JAK2 could interact with TYK2 through MEG3, suggesting that JAK2 might be the gene contributing to the negative interaction between MEG3 and mi147.
DNA methylation and histone deacetylation are two key mechanisms that affect gene expression and gene promoters [16] . The DNMT family of proteins, which includes DNMT1, DNMT3A, and DNMT3B, are mainly involved in the mediation of CpG island methylation [32] , whereas the HDAC family regulates histone deacetylation [33] . Consequently, a complex which includes MBD2, MECP1, and HDACs was formed via the DNA methylation, histone deacetylation and the methylation-dependent binding of MECP2 [34, 35] . Given that the methylation status of MEG3 and MiR-147 could be significantly regulated by HDAC inhibitor chidamide, we next detected the expression levels of the methylation-related genes including DNMT1, DNMT3A, DNMT3B, MBD2, HDAC1 and MECP2. The expressions of these proteins were higher in the CML-AP and CML-BP patients than that in the CML-CP patients and healthy individuals. Thus, we speculated that the lower expression levels of MEG3 and miR-147 in the patients with CML were possibly mediated by histone deacetylation and DNA methylation.
We next treated two CML blast phase cell lines KCL22 and K562 with different concentrations of chidamde and found that chidamide treatment led to increased MEG3 and miR-147 levels, which were negatively correlated with the mRNA levels of DNMT1, DNMT3A, DNMT3B, MBD2, MECP2 and HDAC1. The effect of chidamide was also confirmed in CD34+ cells isolated from the peripheral blood mononuclear cells of CML patients. Furthermore, MEG3 and miR-147 overexpression inhibited proliferation and promoted apoptosis in these cells. Thus, we speculated that the activity of chidamide on the proliferation and apoptosis of cancer cells might be strongly associated with its inhibitory effects on HDAC1 expression, MBD2/MECP2 complex formation and MEG3 demethylation.
The JAK/STAT signaling pathway plays an important role in regulating cellular processes, such as apoptosis, differentiation, proliferation and migration [36] . The abnormal activation of JAK/STAT led to the occurrence and development of various types of cancers, including hematological malignancies and solid tumors [37] [38] [39] . To further study the regulatory role of MEG3 on cell proliferation and apoptosis during the development of CML blast crisis, RNA pulldown and immunoprecipitation assay followed by the mass spectroscopy analysis were performed. Our results showed that DNMT1, JAK2, STAT3, and TYK2 could bind with MEG3. Moreover, TYK2 and STAT3 interacted with JAK2, while knockdown of MEG3 abolished this interaction. Thus, we concluded that MEG3 might function as a bridge between JAK2 and TYK2. Indeed, in vitro cell assay showed that the overexpression of MEG3 decreased the protein levels of phosphorylated JAK2, STAT3, and STAT5. Therefore, we believed that MEG3 can regulate STAT3, at least partly, by inhibiting the phosphorylation of JAK/STAT. Another interesting finding of this study was that when we treated the K562 and KCL22 cells with cryptotanshione, niclosamide and siRNA to decrease the level of STAT3, the expression of MEG3 was significantly increased. These results indicate that there might be a negative feedback loop between MEG3 and STAT3, which needs to be confirmed in animal studies.
In conclusion, our results revealed that MEG3 might bind with miR-147 and regulate the progression of leukemia. We also provided a mechanism by which MEG3 and miR-147-mediated DNA methylation, histone deacetylation and JAK/STAT pathways might contribute to the antitumor effects of chidamide on the development of CML. Therefore, targeting the MEG3-miR-147 axis might represent a novel therapeutic application in leukemia.
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